Electrical properties of amorphous barium titanate films sputter deposited under hydrogen containing atmosphere J. Vac. Sci. Technol. B 27, 373 (2009) Platinum-coated probes sliding at up to 100 mm/s against lead zirconate titanate films for atomic force microscopy probe-based ferroelectric recording technology J. Vac. Sci. Technol. A 26, 783 (2008) The annealing of (Ba,Sr͒RuO 3 films which are structurally and chemically matched with (Ba,Sr͒TiO 3 films was performed in oxygen and nitrogen atmospheres in the temperature range of 600-750°C for 30 min. The effects of annealing the (Ba,Sr͒RuO 3 on the physical and electrical properties of the (Ba,Sr͒TiO 3 films were investigated. The x-ray diffraction peak of the annealed (Ba,Sr͒RuO 3 film at high temperatures revealed that the (Ba,Sr͒TiO 3 film is thermally more stable than RuO 2 . The (Ba,Sr͒RuO 3 film under N 2 annealed showed lower electrical resistivity and larger surface roughness compared with those under O 2 . In addition, from the sequential two-step annealing process using O 2 and N 2 , and by reversing the annealing sequence, the electrical resistivity and the surface roughness of the (Ba,Sr͒RuO 3 film turned out to be reversible. The (Ba,Sr͒TiO 3 film on the N 2 annealed (Ba,Sr͒RuO 3 showed a higher leakage current than that on the O 2 annealed bottom electrode because rough surface can cause a high local electric field. The dielectric constant of the (Ba,Sr͒TiO 3 thin film increased with the annealing temperature of the (Ba,Sr͒RuO 3 bottom electrode regardless of the annealing atmosphere.
The annealing of (Ba,Sr͒RuO 3 films which are structurally and chemically matched with (Ba,Sr͒TiO 3 films was performed in oxygen and nitrogen atmospheres in the temperature range of 600-750°C for 30 min. The effects of annealing the (Ba,Sr͒RuO 3 on the physical and electrical properties of the (Ba,Sr͒TiO 3 films were investigated. The x-ray diffraction peak of the annealed (Ba,Sr͒RuO 3 film at high temperatures revealed that the (Ba,Sr͒TiO 3 film is thermally more stable than RuO 2 . The (Ba,Sr͒RuO 3 film under N 2 annealed showed lower electrical resistivity and larger surface roughness compared with those under O 2 . In addition, from the sequential two-step annealing process using O 2 and N 2 , and by reversing the annealing sequence, the electrical resistivity and the surface roughness of the (Ba,Sr͒RuO 3 film turned out to be reversible. The (Ba,Sr͒TiO 3 film on the N 2 annealed (Ba,Sr͒RuO 3 showed a higher leakage current than that on the O 2 annealed bottom electrode because rough surface can cause a high local electric field. The dielectric constant of the (Ba,Sr͒TiO 3 thin film increased with the annealing temperature of the (Ba,Sr͒RuO 3 
I. INTRODUCTION
(Ba,Sr͒TiO 3 ͑BST͒ thin films have attracted much attention for the dielectric material of high density dynamic random access memory ͑DRAM͒ capacitors.
1,2 The deposition of good quality BST thin films using chemical vapor deposition ͑CVD͒ requires a rather high temperature for the crystallization process ͑Ͼ500°C͒, while a low temperature ͑Ͻ500°C͒ is essential to obtain a good step coverage. To compromise these criteria, the postannealing process of BST films is generally adopted. It is known that the postannealing treatment enhances the electrical properties of BST by controlling factors such as grain size, surface roughness, oxygen vacancy concentration and stoichiometry, etc. 3, 4 It has already been reported that annealing BST/Pt in a N 2 atmosphere leads to high leakage currents by lowering the potential barrier between Pt and BST. 3, 5 In addition, when it was annealed under an oxygen atmosphere, the oxygen easily diffuses through the Pt and oxidizes the underlying layer resulting in an electrical short circuit between the capacitor and the transistor. 6 Recently, Ru and RuO 2 thin films have been investigated to overcome these disadvantages associated with platinum electrodes. Ahn et al. 7 reported on the thermodynamic phase stability and the variation of surface roughness of RuO x thin films and the related electrical properties of BST films. It was shown that RuO 2 was not only vaporized to RuO 3 or RuO 4 in the oxidation atmosphere but also reduced to Ru metal during heat treatment in a vacuum. In other words, the reduction and reoxidation of the RuO 2 electrode causes an increase in surface roughness, which leads to a higher leakage current. 8, 9 Therefore, the selection of an electrode material that has thermal and chemical stability during the high temperature annealing process has come to occupy an important position in the characterization of the annealing properties of BST thin films. However, few studies on the annealing of BST deposited on an oxide electrode and that of oxide electrode itself have been reported.
We propose the (Ba,Sr͒RuO 3 ͑BSR͒ electrode which has an outstanding structural match and chemical compatibility with BST since it demonstrated the enhancement of the interfacial properties ͑local epitaxial growth of BST and no low dielectric layer͒ with BST films, 10 but the relationship between the thermal stability of BSR electrodes and the electrical properties of BST thin films has not yet been studied. Therefore, an accumulation of knowledge on the annealing properties of BSR oxide bottom electrodes is necessary in order to understand the annealing properties of the BST films. In this study, BSR thin films were annealed in an oxygen and nitrogen atmosphere to evaluate the thermal stability of BSR under various annealing conditions and the effects on the electrical properties of the BST films.
II. EXPERIMENTAL PROCEDURE
(Ba 0.5 ,Sr 0.5 ͒RuO 3 thin films were deposited on p-Si͑100͒ wafers by a rf magnetron sputtering process. The BSR sputtering target was fabricated by uniaxial pressing of a powder mixture consisting of RuO 2 , SrO, and BaO calcined at *No proof corrections received from author prior to publication. 1000°C in air. (Ba 0.5 ,Sr 0.5 ͒TiO 3 films of 100 nm thickness were prepared on annealed-BSR/Si substrates using a composite target with ͑BaϩSr͒ 1.025 Ti in order to control the stoichiometry during the deposition of BSR and BST films. Process parameters such as the substrate temperature, rf power, distance between the target and substrate, and working pressure were optimized. The deposition conditions are summarized in Table I .
To investigate the effects of annealing on the physical and electrical properties of the BSR electrode, rapid thermal annealing ͑RTA͒ was performed in N 2 and O 2 flow for 30 min in the temperature range of 600-750°C. A metal-insulatormetal ͑MIM͒ structure was fabricated to evaluate the electrical properties of BST/BSR by using an Al top electrode. The crystallinity was determined by x-ray diffraction ͑XRD͒ analysis. The electrical resistivity of the electrodes was measured by the Van der Pauw method, surface morphologies were analyzed with an atomic force microscope ͑AFM͒, and stress was measured by thin film stress measurement system ͑TENCOR FLX-2908͒. Capacitance and leakage current were measured by an HP 4280A 1 MHz capacitance meter/ C-V plotter and an HP 4155A semiconductor parameter analyzer, respectively. Figure 1 shows the XRD patterns of the (Ba,Sr͒RuO 3 electrodes prepared under various annealing temperatures. Regardless of the annealing conditions, all of the films showed the ͑110͒ orientation, which is identical to that of as-deposited BSR film. Ahn et al. 7 reported that the x-ray peak intensity of RuO 2 thin film decreases drastically at 750°C in oxygen atmosphere due to the vaporization of RuO 2 in the form of RuO 3 or RuO 4 phases, but there was no significant change of the orientation and peak intensity in the BSR film up to 800°C. It is noticed that the BSR film has more thermal stability than the RuO 2 electrode in oxidizing atmosphere at high temperatures. Figure 2 represents the variation in the electrical resistivity of the BSR electrode for various annealing conditions. The resistivity of the BSR electrode under N 2 annealing had lower values compared to those under O 2 annealing. This result may be explained in terms of the crystallization of the BSR films. At first, the BSR films were formed as a RuO 2 -based oxygen deficient amorphous-metallic phase and then crystallized to a stoichiometric phase during O 2 annealing treatment. It was an obstacle to the effective conductivity of RuO 2 in the BSR. As shown in Fig. 1 , however, there was no peak of RuO 2 for the as-deposited film, even in the N 2 annealing atmosphere. It is believed that the constituent of RuO 2 within the BSR is not involved in determining the resistivity of BSR with annealing condition. It also follows that the higher resistivity of O 2 annealed BSR was not caused by the oxidation of RuO 2 within BSR for the same reason. In the case of annealing in nonoxidizing atmosphere such as N 2 , the BSR film can have more oxygen vacancies through the following reaction:
III. RESULTS AND DISCUSSION
where O O , V O .. , and eЈ represent the oxygen ion at its normal position, the oxygen vacancy and the generated electron, respectively. In general, the electrical resistivity depends on the concentration and the mobility of carriers. As shown in the above equation, two electrons generated from one oxygen vacancy can play a role in decreasing the resistivity of BSR films. In contrast to N 2 annealing, the electron density in the films under O 2 ambient could be reduced by the recombination reaction so that the resistivity of the BSR electrode increases. Such an increase in resistivity could be recovered by reannealing the specimen in a N 2 annealing atmosphere. As a result, the resistivity of the BSR under O 2 annealing could be reduced by N 2 annealing from 310 to 270 ⍀ cm while there was a slight increase of the resistivity from 260 to 290 ⍀ cm when the annealing sequence was reversed.
In Fig. 2 , we also find that the resistivity slightly decreased for annealing temperatures up to 700°C, but increased at 750°C. It is expected that the carrier mobility comes into play to increase the resistivity at a high annealing temperature because the vacancies or the solubility of impurities in the films could be increased with the annealing temperature. Therefore, it is probable that the resistivity of electrodes is affected by the reduction of the carrier mobility rather than the increment of the carrier concentration beyond 700°C as mentioned above. More studies are required to fully verify the variation of the electrical resistivity with annealing temperatures. Figure 3 shows the variation in the leakage current density (J) of BST films on annealed BSR as a function of E 1/2 . The leakage currents of BST on N 2 annealed BSR are higher by one order of magnitude than those of O 2 annealed BSR. This result indicates that the leakage current density is influenced by the treatment of bottom electrodes. In order to interpret the effects of annealed bottom electrode on the electrical properties of BST, the root mean square ͑rms͒ roughness of BSR and BST with various annealing conditions was observed.
As can be seen from Fig. 4 , the BSR surface under N 2 annealing almost keeps its as-deposited roughness over a fairly large temperature range of annealing. However, the BSR surface becomes smoother under O 2 annealing. The variation in rms values of BST in both cases is similar to that of the bottom electrodes. It is believed that the major reason for the large increase in the leakage current density of BST on N 2 annealed BSR bottom electrode is associated with the surface roughening of the BSR electrode. The larger the surface roughness, the higher the difference of peak to valley height of grain. Therefore, the local high electric field can be built up to peak or valley, which increases the leakage current density at even low electrical fields. 11 A different approach can be applied to interpret this result. Hwang et al. 12 reported that large roughening of electrodes imposes a strong stress on the BST film surface and generates surface trap states. The stress-induced trap states reduce the interfacial potential barrier height for Schottky emission and result in increased leakage current densities. Our experimental results suggest that BST on N 2 annealed BSR has a higher stress ͑Ͼ1100 MPa at 750°C͒ than that of O 2 annealing ͑Ͻ500 MPa͒, and thus the high leakage current of BST on the N 2 annealed BSR is associated both by the roughness of the bottom electrode and the stress of the film.
The variation in the dielectric constant of Al/BST/BSR capacitor at 1 MHz frequency with the annealing conditions of BSR films is shown in Fig. 5 . The dielectric constant of BST film was 330 at 600°C ͑annealing͒ and it gradually increased up to 430 at 750°C, regardless of the annealing atmosphere. This implies that the dielectric constant of BST is more affected by the annealing temperature than the annealing atmosphere of BSR. In general, the dielectric constant of BST depends mainly on factors such as grain size, interfacial layer thickness, and surface roughness. Among those governing factors, first, the interfacial layer thickness was excluded because the BST film can be epitaxially grown on the BSR electrode due to its excellent structural and chemical match. 10 Second, the capacitance can be increased as the surface roughness increases due to the increase in effective contact area between the dielectric layer and the electrode. However, such an effect seems to be minute because the dielectric constant of BST on N 2 -annealed BSR, which has a rougher surface and, therefore larger effective area, is comparable to that on O 2 annealed BSR. Finally, the effect of grain size on the dielectric constant of BST/BSR capacitors was taken into consideration. The grain size of BST films on various BSR electrodes was examined by AFM analysis. As shown in Fig. 6 , the grain size of BST followed that of BSR and it increased with the annealing temperature of BSR. Therefore, the major factor to effect the dielectric constant is the grain size of BST film which depends on the annealing conditions of the bottom electrodes.
From the above observations, we could conclude that the dielectric constant of BST thin film is mainly affected by the grain size, and the leakage current density is affected by the surface roughness of BSR bottom electrodes. Therefore, the electrical properties of BST can be improved by proper annealing treatment of BSR bottom electrodes.
IV. CONCLUSIONS
The annealing experiments of BSR bottom electrodes were performed to investigate the effects of BSR annealing on the electrical properties of BST films.
(Ba,Sr͒RuO 3 electrodes exhibited the ͑110͒ orientation primarily, which was identical to that of as-deposited BSR film, regardless of the annealing conditions. It turned out that BSR film is more thermally stable than the RuO 2 oxide electrode in an oxidizing atmosphere at high temperatures. The N 2 annealed BSR electrode shows a good conduction behavior compared to the O 2 annealed BSR electrode. It is considered that the generated electrons play a role as carriers in the film, which leads to a decrease in the resistivity of BSR films during N 2 annealing.
The leakage currents of BST on N 2 annealed BSR are higher by one order of magnitude than that of O 2 annealed BSR. It is believed that the major reason for the increase in leakage current density of BST is due to the surface roughness of BSR bottom electrodes resulting from the N 2 annealing. On the other hand, the dielectric constant of BST was more affected by the grain size of the bottom electrodes than the surface roughness.
